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Intense rainfall events significantly affect Alpine and Alaskan glaciers through enhanced 
melting, ice flow acceleration and subglacial sediment erosion, yet their impact on the 
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Greenland ice sheet has not been assessed. Here we present measurements of ice velocity, 
subglacial water pressure and meteorological variables from the western margin of the 
Greenland ice sheet during a week of warm, wet cyclonic weather in late-August and early- 
September 2011. We find that extreme surface runoff from melt and rainfall led to a 
widespread ice flow acceleration that extended 140 km into the ice sheet interior. We argue 
that the late-season timing was critical to promoting rapid runoff across an extensive bare 
ice surface, which overwhelmed a subglacial hydrological system in transition to a less-
efficient winter mode. Reanalysis data reveal that the cyclonic weather conditions driving 
the event prevailed across southern and western Greenland, and a corresponding flow 
response was observed at all land- and marine-terminating glaciers in these regions with 
available data. Given that the advection of warm, moist air masses and rainfall over 
Greenland is expected to become more frequent in the coming decades, our findings 
portend a previously unforeseen vulnerability of the Greenland ice sheet to climate change. 
The Greenland ice sheet (GrIS) is the largest cryospheric contributor to global sea-level 
rise: responsible for 0.7 mm yr−1 – a rate at least double that of the Antarctic ice sheets combined 
and one that has steadily accelerated over the last two decades1,2. Approximately half of this 
mass-loss is attributed to summer, surface melt processes enhanced through a number of positive 
feedbacks, such as surface albedo and hypsometry that are relatively well-constrained and 
amenable to modelling under future climate change1,3. The remaining dynamic mass losses are 
attributed to increased ice discharge and are clearly significant yet remain poorly constrained and 
difficult to model and predict2. Here we present evidence for a large, late-summer, cyclonically-
induced runoff event that falls outside of the surface melt processes currently included in mass-
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loss assessments, and which had a potent and widespread effect on surface melt and ice 
dynamics.  
In this study, we test the hypothesis that late-season cyclonic weather systems – which are 
predicted to increase in frequency and magnitude4,5 yet have so far been neglected in studies of 
GrIS dynamics and mass balance1,2 – produce sufficient runoff to overwhelm the ice sheet’s 
basal drainage system, driving transient, widespread accelerations in ice flow. We focus our 
investigation on the Kangerlussuaq sector of the GrIS where a dense network of global 
positioning system (GPS) receivers and automated weather stations (AWS), plus borehole water-
pressure and proglacial discharge records, enable a comprehensive analysis of the meteorological 
and glaciological conditions driving a late-season acceleration event in 2011. We then use 
reanalysis data to determine the synoptic weather and spatial footprint of this specific event, 
before interrogating meteorological, regional climate modelling and ice surface velocity records 
from around Greenland to determine the magnitude, impact, and frequency of this and other 
similar events in the past. This analysis provides a framework for the reinterpretation of three 
well-documented ice flow acceleration events that were previously incorrectly attributed to 
surface melt alone.  Finally, we discuss the implications of these findings in the context of 
predicted changes in Greenland's climate over the next century. 
Runoff and ice dynamics in the Kangerlussuaq Sector 
Seasonal and inter-annual acceleration of GrIS flow is governed by the dynamic response of the 
basal hydrological system to variability in melt water delivery to the bed6-14. The highest ice 
velocities typically occur shortly after melt onset, when an inefficient drainage system is 
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overwhelmed by the first major inputs of surface water of the melt season, with the lowest 
velocities usually observed in late summer and autumn when declining melt inputs are easily 
accommodated by an efficient and well-developed basal hydrological system7-11. 
The seasonal velocity cycle recorded at nine GPS sites on Russell Glacier and Isunngata 
Sermia in West Greenland during 2011 (Fig. 1) are consistent with these systematic variations 
with one exception: a prominent flow acceleration between the 24 August and 1 September (Fig. 
2d,e). Surface velocities derived from offset tracking with TanDEM-X data show widespread 
acceleration of up to 220% across a large portion of the ice sheet margin for the interval 23 
August to 3 September compared to the preceding period (1 to 23 August; Figs. 1 and S1). 
During the event, velocities at Russell Glacier GPS sites R2, R13, R38, R52 and R88 (where the 
number denotes kilometres from the glacier’s terminus) increased by 117%, 140%, 71%, 64% 
and 46% above those of the preceding week (Table S1). The acceleration was particularly large 
at site R13 (Fig. 2d) where the daily mean velocity of 365 m yr−1 during the event exceeded the 
site’s melt onset peak of 337 m yr−1 on 8 June, which typically represents the highest velocity 
within any given year7,8,11. The pronounced flow response was present across all neighbouring 
glaciers, including Isunngata Sermia, which accelerated by 22%, 58% and 55% at I14, I27 and 
I46 respectively (Figs. 1 and 2d; Table S1), and was also detectable – albeit muted – 140 km into 
the ice sheet interior, well within the accumulation zone at R140 (Fig. 2e). 
We ascribe this flow acceleration to an intense period of surface runoff composed of both 
rainfall and melt. Measured rainfall during the event accounted for 20% (23.6 mm) of the annual 
total (115.1 mm) and despite such rainfall being uncommon for the Kangerlussuaq region15, 
surface melt was the primary contributor to runoff. Furthermore, although the highest melt rates 
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during the event (e.g. 3.2 mm w.e. h-1 at M13 on 27 August, Fig. 3b) were less than peak summer 
values (e.g. 6 mm w.e. h-1 at M13 on 30 July 2011), they were unusually sustained throughout 
both day and night by enhanced longwave radiation and turbulent heat fluxes16,17  associated with 
the advection of warm, moist air into the region (Figs. 3, 4, and S2; see extended online methods 
Section 4). This unusually sustained period of continuous melt totalled 331 mm water equivalent 
(w.e.) at M13 between 24 August and 1 September, representing 10% of the annual total and 
twice that of the preceding week (Fig. 3b). Given the upper estimate of rainfall of 24 mm, ice 
surface melt accounted for at least 93% of the overall runoff at M13 (732 m above sea level; asl) 
during the event. Measured melt was only slightly lower at higher-elevations: at M61 (1280 m 
asl) 315 mm w.e. of melt during the event accounted for a disproportionate percentage (15%) of 
the annual total (Fig. 2b). Melting extended throughout the entire ablation area beyond the mean 
(1990 - 2011) equilibrium line altitude (ELA)18 of 1553 m asl. Although rain-induced ice melt 
was minimal at M13 (1.1 to 1.8 mm w.e.) the heat released by rain freezing into the surface 
snowpack enhanced melt above the snowline (1696 m asl). For instance, 14 mm of rain at 2° C 
freezing in the snowpack would bring 15 cm w.e. of snow at −15° C to the melting point (see 
extended online methods Section 4). At site M140 (1840 m asl), situated well above the 
snowline, 50 mm w.e. of melt (8% of the annual total) was recorded between 24 - 29 August, 
concurrent with above-freezing air temperatures (Fig. S2). Virtually all precipitation occurred 
during this period and precipitation estimates (13 to 23 mm) suggest that at higher elevations 
rainfall contributed a larger proportion (e.g. 18 to 32% at M140) to the runoff than at lower 
elevations. The highest daily precipitation totals on 27 August (8.4 mm in Kangerlussuaq and 3.9 
mm at M0) were coincident with the highest daily total melt (e.g. 53 mm w.e. at M13), and a 
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transient excursion of the freezing level from ~1000 m asl to 2450 m asl, which is ~900 m above 
the long term ELA (Fig. S2c).  
Due to the ice sheet’s hypsometry the surface area that receives precipitation as rain and is 
exposed to melt increases non-linearly with a rising freezing level (Fig. 1b). We attribute the 
extremely high freezing level on 27 August (Fig. S2), which indicates melt and rainfall occurred 
up to 280 km inland, to the advection of warm, moist air over the GrIS from the southwest (Fig. 
4). As a saturated air mass rises its cooling rate decreases due to the latent heat released by 
condensation. Accordingly, the lapse rate during the event was significantly lower (0.48° C / 100 
m) than the annual mean (0.70° C / 100 m) and condensation at the ice surface resulted in an 
increased – and abnormally positive – latent heat flux that contributed 18% to the energy 
available for melting on 27 August (Fig. 3a). Melting consequently extended well into the 
accumulation area and across almost a third of the entire GrIS on this day19. 
Crucially, the event occurred in late summer when buffering of surface runoff in snowpack 
and firn was at an annual minimum. The decadal-high, end-of-season snowline (1696 m asl) 
exposed a large expanse of bare ice (Fig. 1b), and runoff during the event would have been 
efficiently concentrated into a mature network of channels and moulins developed during the 
preceding summer months, thereby facilitating rapid discharge into the subglacial environment. 
Nevertheless, total runoff during the late-August event was lower than mid-summer values when 
ice velocities were below the annual mean, inferring that runoff volume is not the only factor 
governing the acceleration we observe (Fig. 2). The seasonal evolution of subglacial drainage 
from an inefficient/distributed to an efficient system explains low mid-summer ice velocities at 
times of high melt input7-12, and previous studies20,21 argue that the antecedent subglacial 
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conditions modulate basal sliding. It is therefore significant that the event reported here occurred 
in late summer, immediately following a period of sub-zero air temperatures (Fig. 2a) and 
rapidly declining meltwater production: no melt was recorded at M61 for the week prior to the 
event (Fig. 2b). On 21 August, temperatures at the lowest-elevation AWS, M13, dropped below 
freezing for the first time since melt onset on 1 June resulting in the lowest daily melt rates, 
proglacial discharge and ice velocities since that date (Figs. 2 and 3). We interpret the gradual 
reduction in diurnal variability and simultaneous increase in borehole water pressure at R13 
during the preceding period (Fig. 3) as evidence of a pre-event transition of the basal 
hydrological system to a less efficient winter-type mode6,12. The 3-day-lagged peak in proglacial 
discharge (Fig. 2c), of unprecedented magnitude in 2011 and which represents 13% of the annual 
total, supports this hypothesis as water transit is retarded under inefficient subglacial drainage 
conditions22. Hence, the late melt-season timing of the event critically dictated the ice sheet’s 
dynamic response: the preceding week of sub-zero air temperatures (Fig. 2a) and declining melt 
(Figs. 2 and 3) primed the ice sheet for a high-magnitude flow response to this late-August 
runoff perturbation. 
The rapid increase in subglacial water pressure recorded in two boreholes on Russell 
Glacier (at R13), as well those recorded on Isunngata Sermia23 and Sermeq Avannarleq6,  to 
levels exceeding the ice overburden pressure suggest that the ice sheet was hydraulically 
decoupled from its bed during the acceleration event (Fig. 3c). This is confirmed by decimetre-
scale surface uplift recorded at R13 (Fig. 3c) and at site A20 on Sermeq Avannarleq6. Uplift was 
sustained at R13 for ~ 22 hours before the surface lowered, returning to its pre-event height by 
12:30 UTC on 3 September (Fig. 3c). Consistent with the theory of cavity opening24, peak flow 
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acceleration was coincident with the highest rates of water pressure and uplift change, not their 
maxima. The sudden drop in water pressure and ice velocity on 31 August to levels lower than 
those prior to the acceleration event suggest the rapid post-event decline in surface runoff 
delivered a dramatically-reduced water flux to a drainage system with temporary over-
capacity12,21. 
It is worth noting that rainfall events occurring earlier in the summer (e.g. 10 mm in 
Kangerlussuaq on 18 July) had no pronounced dynamic response (Fig. 2) as they did not 
challenge the capacity of what can be interpreted as an efficient subglacial drainage system at 
this time7-12. Importantly, the glaciological and meteorological conditions inherent to the late 
August event preferentially occur in late summer when the drainage system is closing down and 
cannot efficiently drain high runoff volumes. The advection of cyclonic weather systems over the 
GrIS is most frequent in August25, and accordingly August is the wettest15 and cloudiest26 month 
in this region, with the heaviest rainfall (Fig. 5a) and peak net longwave radiation26.  
The spatial extent and frequency of these events 
The acceleration event in late August 2011 provides a unique natural experiment to investigate 
the dynamic response of the GrIS to a spatially uniform and well-defined runoff perturbation. 
For eight days during late August and early September 2011, reanalysis data27 indicate that a 
cyclone (minimum surface pressure of 992 hPa) centred on Baffin Bay off the west coast of 
Greenland advected warm, south-westerly airflow over the GrIS, bringing extensive 
precipitation, which was especially heavy in south-east Greenland (Figs. 4 and S9). These 
observations are consistent with lee-cyclogenesis whereby an Icelandic low-pressure system 
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forms in the lee of the GrIS off the southeast coast, while the parent cyclone delivers 
precipitation to west Greenland as it tracks north up the Davis Strait28,29. Occurring on 3.5% of 
all days between 1961-1999, and 6.3% of days in summer, Baffin Bay cyclones are the most 
frequent synoptic pattern that deliver precipitation to Greenland29. Reanalysis data confirm that 
the weather conditions driving the late-August acceleration prevailed across southern and 
western Greenland (Fig. 4).  
We find that a concomitant flow response is evident in all available velocity records from 
these regions, including three major marine terminating glaciers located up to 370 km north of 
Kangerlussuaq: ice flow increased by 9% and 95% above the preceding week at GPS sites on 
Store Glacier30 (S11) and Sermeq Avannarleq6 (A20) respectively (Fig. 2d; Table S1). Repeat 
InSAR data31 reveal that ice flow also increased by 10% on Jakobshavn Isbræ between 23 
August and 3 September 2011 compared to 2-13 August (Fig. S3). The lower relative increase in 
ice velocity for the lower tongues of Store Glacier and Jakobshavn Isbræ (i.e. up to 10-15 km 
from the calving front) is not unexpected since it is well-established that the termini of fast 
marine-terminating glaciers experience smaller relative increases in velocity in response to 
surface water inputs compared to interior and land-terminating regions of the ice sheet that are 
remote from tidewater influences32. Simultaneous ice acceleration at all sites with 
contemporaneous data indicates that runoff during the late-August 2011 event overwhelmed the 
basal hydrological system of at least eight glaciers in southern and western Greenland (Figs. 1 
and 2), including both land- and marine-terminating outlets. The acceleration in ice flow 
extended at least 140 km into the ice sheet interior (Fig. 2e), and we infer that this flow response 
was not just restricted to those sectors of the ice sheet with available velocity measurements. 
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Moreover, three previous late-summer acceleration and uplift events identified on the GrIS 
in recent studies14,33,34 can, with hindsight, now be re-interpreted as cyclonic rainfall/melt events 
(Fig. 5a). Previously, these pronounced acceleration events were interpreted as characteristic of 
late-summer melt-induced acceleration14,33,34, which given their timing does not conform with 
the typical seasonal velocity cycle identified by subsequent studies7-11. Interrogation of reanalysis 
data and meteorological records (Figs. S4-7 and S10-12; Supplementary Section S1) reveal that 
these events were all driven by cyclonic conditions similar to those during late-August 2011. 
Many additional late-summer rainfall events are apparent from analysis of precipitation records 
(Fig. 5a), though unfortunately, velocity data are currently unavailable to determine the specific 
flow response to each of these perturbations. 
Future impact on ice sheet mass balance and dynamics 
Our findings lead us to the question of whether annual ice flow will increase in the future given 
predictions of a warmer, wetter climate. The delivery of surface water to the bed accelerates ice 
flow over the course of summer14 yet recent studies13,34-36 argue that annual ice flow in the 
ablation area is regulated by the melt-induced seasonal transition from inefficient/distributed to 
efficient subglacial drainage. Our observations support the hypothesis that high-magnitude inputs 
of water to the bed have the capacity to reorganise the basal drainage system, resulting in lower 
velocities following the event than preceded it20,21,37. It follows that, by establishing efficient 
subglacial drainage, such events will yield reduced post-event velocities and could therefore 
regulate ice flow over annual time scales13,34-36,38. While this self-regulation model appears to 
hold across the ablation area13 and on Alaskan glaciers38, where melt inputs to the basal drainage 
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system are high and thin ice results in low basal conduit closure rates, this generalised model is 
unlikely to hold under a succession of late-season, cyclonic perturbations as described herein. 
Nor will flow within the interior of the GrIS self-regulate as thicker ice, lower net surface melt 
rates and shallower surface and bed slopes hinder the development of efficient subglacial 
drainage and its regulating influence23,39,40. Multi-year observations of increasing ice flow within 
the accumulation area of the GrIS41 provide support for this latter premise. Furthermore, higher-
order three-dimensional ice flow modelling42 indicates that the net annual flow and discharge of 
the GrIS is indeed sensitive to and will increase in response to a greater frequency and spatial 
extent of high-magnitude runoff events anticipated under a warmer climate.  
The advection of warm, moist air masses and rainfall over Greenland is predicted to 
become more frequent through the twenty-first century, in response to a warmer and cloudier 
regional climate and a northward shift in storm tracks4,5,43-45. Consistent with modelling 
experiments43, analysis of Kangerlussuaq precipitation records and HIRHAM5 model 
simulations reveal that the seasonal distribution of rainfall has already increased over the last 
thirty years, with a tendency for a higher proportion of rain falling later in the season (Figs. 5 and 
S8) when the subglacial drainage system is likely to be highly sensitive to water inputs. A larger 
fraction of precipitation already falls as rain across the GrIS46, and rain now falls at higher 
elevations (Fig. 5c) where the ice sheet is responsive to increased runoff41. Cyclonic-induced 
runoff events may therefore play a more prominent role in the mass balance and dynamics of the 
GrIS than they have previously, and their importance will increase if predicted changes in 
Greenland’s climate4,5,43-45,47 are realised.   
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Extended online methods 
 
1. GPS measurements of ice surface motion 
We used five dual-frequency Global Positioning System (GPS) receivers (R2, R13, I14, I27 and 
I46) capable of resolving three dimensional ice surface velocities at a high temporal resolution (< 
1 hour), and three single-frequency GPS receivers (R38, R52, and R88) capable of resolving 
horizontal ice surface velocities at a daily time-step (Fig. 1).  
Data from the dual-frequency receivers were processed kinematically48 at a 30-second 
interval relative to bedrock-mounted reference stations using the carrier phase differential 
positioning software Track v. 1.2449 and final precise ephemeris from the International GNSS 
Service50. Reference GPS stations were located 1 km from the terminus of Russell Glacier 
(BASE) and at Kellyville (KELY) giving baseline lengths of 5 to 46 km. Assuming steady ice 
motion, uncertainties in the positions were estimated at < 0.02 m in the horizontal and < 0.05 m 
in the vertical by examining the detrended position time series for GPS receiver R13 in early 
June 2011. High frequency noise was filtered with a two-pole, low-pass Butterworth filter with a 
12-hour cut-off period. To reduce the effect of bed parallel motion the surface height record 
presented in Figure 3c was linearly detrended.  
A sixth dual-frequency receiver was located at R140 (co-located with M140) but due to the 
low velocity at this site (~ 52 m yr−1), which is located 50 km above the long-term mean 
equilibrium line, and the long baseline length (> 140 km) a different, more rigorous, processing 
strategy was used to process data from this site and the methods are detailed in Ref. 41.  
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The single-frequency receivers recorded horizontal position every hour and the resulting 
time-series were filtered with a 48-hour-period average51. We did not attempt to resolve vertical 
motion from the single-frequency GPS records as the detection limit is close to the magnitude of 
ice surface uplift51. 
Daily averaged horizontal velocity was calculated by differencing the filtered positions at a 
daily time step. We calculated the annual velocity (Table S1) from positions of the antenna on 6 
June 2010 and 6 June 2011 for Russell Glacier GPS and from 2 September 2011 and 2 
September 2012 for Isunngata Sermia GPS. These dates were selected on the basis of available 
data and to avoid times when antenna poles were relocated (e.g. 7 June 2011 for GPS R13 and 
R2). 
To investigate whether ice flow acceleration occurred in other regions of the GrIS during 
the late August / September 2011 event, we examined all available GPS records from published 
studies. Flow acceleration was evident in all available records with contemporaneous data, and 
these records are presented in Figure 2d as daily-averaged speed above the annual mean.  These 
data from sites S11 and A20 are from Store Glacier and Sermeq Avannarleq and are adapted 
from Refs. 30 and 6 respectively. S11 consisted of an L1 GPS receiver located 11 km from the 
calving front of marine-terminating Store Glacier30  and A20 consisted of a dual-frequency GPS 
receiver located at the FOXX borehole and automated weather station (AWS) site6, ~20 km from 
the terminus of marine-terminating Sermeq Avannarleq (Table S1), which is ~ 26 km down-
glacier of Swiss Camp14. S11 flows an order of magnitude faster than all the other GPS sites in 
Figure 2d owing to its proximity to the calving front of this fast marine-terminating outlet 
glacier. The seasonal velocity cycle at S11 is also markedly different and can be explained by the 
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influence of sea ice melange52. The magnitude and seasonal variation in velocity at A20 is, on 
the other hand entirely consistent with the sites on Russell Glacier and Isunngata Sermia (Fig. 
2d). 
2. TanDEM-X methods & verification against GPS records 
We applied offset tracking on repeat pass TanDEM-X data to derive surface velocities for the ice 
sheet margin in August and September 2011. TanDEM-X (TerraSAR-X add-on for Digital 
Elevation Measurement) is a bi-static Synthetic Aperture Radar (SAR) mission launched in June 
2010 with the two satellites orbiting in a closely controlled formation with typical distances 
between 250 and 500 m. The satellites circle on an 11-day repeat orbit, acquiring SAR images, 
with a 30 x 50 km footprint, at a 3 m spatial resolution53. 
We used three ascending images acquired on 1 August, 23 August, and 3 September 2011. 
We combined the first two acquisitions (1 August, 23 August; 22 days separation) in order to 
derive the ‘average August’ ice velocities, and the images recorded on 23 August and 03 
September (11-day separation) for detecting the late August acceleration (Fig. S1). We computed 
SAR amplitude images for each of the scenes and applied an image-to-image cross-correlation 
technique to track the motion of features on the glacier surface54. 
The accuracy of the derived flow speeds was investigated by a comparison with velocities 
for the same time intervals at two GPS locations: R2 and R13 (see inset on Figure S1). We found 
good agreement for both periods, with differences ranging between 0.011 m d−1 (R2, 1 to 23 
August) and 0.058 m d−1 (R13, 23 August to 3 September). 
In addition to the TanDEM-X measurements described above for the Kangerlussuaq sector, 
InSAR speed differences across the Jakobshavn Isbræ catchment were calculated from velocity 
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maps derived from TerraSAR-X image pairs31 for a pre-event period (2 to 13 August 2011) and a 
period representing the event (23 August to 3 September 2011), see Figure S3. Potential control-
related errors along the ice-sheet margin are presumed small (<10 m a-1) relative to variations in 
ice-flow speed, although height errors in the digital elevation model used for topographic 
correction in the original processing can yield absolute errors of up to ~3% of speed55. 
3. Borehole water pressure 
We present data from a wired pressure sensor installed 0.5 m from the ice-bed interface at site 
R13/M13, and express borehole water pressure as a percentage of the ice overburden pressure 
assuming an ice thickness of 610 m and a density of ice of 917 kg m−3 (Fig. 3c). Further 
description of the methods used to drill and instrument the borehole is detailed in a previous 
study56. 
4. Meteorological measurements  
Meteorological measurements were made by three on-ice AWS located 13 km (M13), 61 km 
(M61) and 140 km (M140) from the terminus of Russell Glacier, and one on-tundra AWS (M0) 
located 1 km west of the ice margin (Fig. 1, Table S2). To keep consistency with the GPS site 
names, the numbers in the AWS site labels refer to the distance from the terminus of Russell 
Glacier. The on-ice AWS were previously referred to as KAN_L (M13; co-located with R13), 
KAN_M (M61) and KAN_U (M140; co-located with R140), and we direct the reader to Ref. 57 
for further information on the AWS methods. The AWS recorded surface height change due to 
accumulation and ablation, air pressure, temperature and humidity, wind speed and direction, and 
downward and upward shortwave and longwave radiation at 2-3 m above the surface. The AWS 
sampled at a 10-minute interval, from which hourly averages were calculated. The energy 
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available for melt was determined using a surface energy balance model58, validated using the 
AWS measurements of surface temperature and surface height change57.  
4.1. Estimating cloud cover and the freezing level 
Cloud cover was approximated making use of the strong dependence of downwards longwave 
radiation on atmospheric moisture58. A full cloud cover was assumed for high downward 
longwave radiation values at a certain air temperature, clear skies for low values, with a linear 
transition for values in between. We estimated the elevation of the freezing level using lapse 
rates calculated from M61 and M140 air temperature measurements.  
4.2. Precipitation measurements 
Precipitation records from site M0 and Kangerlussuaq (DMI station 04231)59 were corrected for 
wind and adhesion loss effects, using site-specific correction factors60,61. We applied correction 
factors of 33% for snow and 16% for rain for the automatic GEONOR gauge deployed < 1 km 
from the ice margin at M0, a site that is exposed to the wind. For the manual gauge at 
Kangerlussuaq, which is more sheltered from the wind, we applied correction factors of 12% for 
snow and 4.5% for rain. At both sites the adhesion loss was set to 0.1 mm per precipitation event, 
and mass loss due to evaporation was assumed to be zero. 
4.3. Decomposing the surface energy budget 
We gained further insight into the abnormal runoff caused by this weather event by decomposing 
the surface energy budget (SEB) for the AWS at site M13 (Fig. 3a) on Russell Glacier. The net 
shortwave (SWnet) and net longwave (LWnet) radiation, the sensible (SHF) and latent (LHF) heat 
fluxes, and the ground flux (GF) are defined as positive when they add heat to the surface. 
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Although clouds reduce net shortwave radiation, through the so called longwave cloud-
effect they can increase LWnet as a larger fraction of the outgoing longwave radiation is absorbed 
by clouds and re-radiated back to the surface17,62. LWnet typically represents a heat sink in the 
SEB but under certain atmospheric conditions16,63 it can be positive resulting in higher net 
radiation (Rnet = SWnet + LWnet) than under clear skies. Accordingly, although daily total SWnet 
on 27 August was less than half (4.9 MJ m−2 day−1) than that recorded under clear sky conditions 
seven days previously on 21 August (10.3 MJ m-2 day-1), net radiation was greater on the 27 
August (5.2 MJ m−2 day−1) compared to 21 August (4.5 MJ m−2 day−1) owing largely to the LWnet 
being positive (Fig. 3a). The largest energy source during the event was, however, the sensible 
heat flux (SHF) which accounted for more than 50% of the surface energy budget between 26 to 
28 August – a marked increase on the pre-event values (e.g. 19% on 21 August 2011) under clear 
skies (Fig. S2a) and with low wind speeds (Fig. S2b). The increase in SHF can be attributed to 
the high near-surface temperature resulting from the advection of warm air over the ice sheet 
(Fig. 4). Moisture condensation onto the ice surface due to high specific humidity and wind 
speed resulted in a positive latent heat flux (LHF; e.g. 3.0 MJ m−2 day−1, or 18% of the SEB on 
27 August), as opposed to surface evaporative cooling (e.g. −0.73 MJ m−2 day−1 on 21 August), 
which is more frequent under the prevalent clear sky conditions (Fig. 3a). Both turbulent heat 
fluxes (SHF and LHF) are enhanced by high wind speeds (e.g. 8 m s−1 on 27 August; Fig. S2b), 
which increase the vertical mixing of air17,64.  
For a given air temperature, moist conditions have lower lapse rates and therefore higher 
freezing levels than dry conditions. The lapse rate during the late August event (24 to 31 August) 
was much lower (0.48° C/100 m) than the annual mean (0.70° C/100 m), resulting in the 0° C 
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isotherm attaining an exceptionally high elevation of ~ 2450 m asl on 27 August 2011. Air 
temperatures at M61 (1280 m asl) were continuously above freezing during the late August event 
(Fig. 2a). Even at M140, ~ 50 km inland from the mean 1990-2011 equilibrium line, positive air 
temperatures suggest precipitation was liquid at least 140 km inland (Fig. S2c). 
The surface energy balance model does not account for the heat delivered by rain, which 
we found was minimal. The heat flux of rain QR is given by:  
  Eq. 1 
where ρw is the density of water, Cw is the specific heat capacity of water (4.2 kJ kg-1 K-1), R is 
the rainfall rate, and Tr and Ts are the temperatures of rain and the surface respectively65. Given a 
surface temperature of a melting ice surface of 0° C, a rain temperature of 6° C, and the lower 
(15 mm) and upper (24mm) estimates of rainfall during the event we estimate that the rain heat 
flux contributed 0.06 to 0.1 MJ m−2 day−1. This is equivalent to 1.1 to 1.8 mm w.e. of rain-
induced ice melt during the entire event, which represents a small component of the runoff 
during the event (e.g. 0.5 % at M13).  
At higher elevations the sensible and latent heat released by rainfall cooling and freezing in 
a surface snowpack may, however, have played an important role in bringing the sub-freezing 
snowpack to the melting point. The energy flux QR supplied by rain freezing in a snowpack is 
given by: 
 , Eq. 2 
where  is the specific heat capacity of snow (2090 J Kg-1 K-1), and  is the latent heat of 
fusion (334 kJ Kg-1). The rain temperature of 2° C is taken to be the air temperature at M140 
QR = !wCwR(Tr !Ts )
QR = !wCsR(Tr !Ts )+ !w"wR
Cs !w
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during the rainfall event and the temperature of the snowpack of −15° C is based on the mean air 
temperature during the preceding week. Given these estimates, 14 mm of rain at 2° C would 
bring a 15 cm w.e. snowpack at −15° C to the melting point. Hence, the energy released by rain 
cooling and freezing is a very effective heating mechanism for sub-freezing snowpacks and this 
will have enhanced melt rates at high elevations. 
All these energy sources – an abnormally positive net longwave radiation, the sensible heat 
flux, the latent heat flux from condensation and the rain heat flux – contributed to high melt 
conditions peaking on 27 August, coincident (Fig. 2b) with the highest precipitation (Fig. 2a,b), 
wind speeds (Fig. S2b), and freezing level (Fig. S2c), which combined to produce abnormally 
high-magnitude runoff for this time of year (Fig. 2). 
4.4. Calculating the elevation of the snowline 
The elevation of the snowline – the maximum elevation that snow remains at the end of the melt 
season – was retrieved from end-of-melt-season visible-band Moderate Resolution Imaging 
Spectrometer (MODIS) images66. The ice-sheet-wide, MODIS-retrieved snowlines, which are 
calibrated against the K-transect surface mass balance observations18, are available at 
http://bprc.osu.edu/wiki/Greenland_Ice_Sheet_Snowline. 
5. Reanalysis 
We used data from the National Centers for Environmental Prediction/National Centre for 
Atmospheric Research (NCEP/NCAR) reanalysis project27 to track weather systems, and to 
estimate precipitation and the near surface air temperature anomaly over Greenland (Figs. 4, S4-
6 and S9-12). These reanalysis data reveal that a low-pressure system (minimum surface pressure 
of 992 hPa) tracking across Baffin Bay between 24 to 30 August 2011 caused warm south-
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westerly airflow (Fig. 4), which resulted in cloud-cover (Fig. S2a) and precipitation (Fig. 4) over 
southern and western Greenland. Such Baffin Bay cyclones are the most frequent synoptic 
pattern that bring precipitation to Greenland29. They often bifurcate over the southern GrIS 
forming an Icelandic Low by lee-cyclogenesis on the southeast coast, while the parent cyclone 
tracks north delivering precipitation to the west coast of Greenland28,29. They advect warm moist 
air onshore from the open North Atlantic, which is lifted orographically over the ice sheet to an 
elevation of 2800 m above sea level in less than 200 km29. As the air rises, it cools adiabatically 
becoming saturated and releasing precipitation. Baffin Bay cyclones occur more frequently 
during the summer (6.35% of days) than during winter (2.90% of days)29 and atmospheric 
models4 predict that they will increase in frequency from 3% of days in 1961-99 to 4% of days in 
2081-2100. The widespread nature of the precipitation and heat delivered by the August-
September 2011 event is demonstrated by the reanalysis data (Figs. 4 and S9) and acceleration in 
ice flow is evident in all available velocity records from southern and western Greenland during 
this period (Figs. 1, 2d and S3). Substantial acceleration was measured on three major marine-
terminating glaciers in West Greenland, including Sermeq Avannarleq6, Store Glacier30 and 
Jakobshavn Isbræ (Figs. 2d and S3). 
6. Investigating long-term trends in rainfall seasonality  
To investigate changes in the seasonal distribution of rainfall over the last two to three decades 
we examined long-term trends in the Kangerlussuaq precipitation record59 between 1977 and 
2012. The phase of precipitation was determined as liquid if the mean temperature over the 
corresponding 12-hour period was greater than or equal to 2° C, allowing daily total rainfall to be 
calculated. 
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Following standard statistical measures applied by previous studies67,68we calculated the 
seasonality index (SI) and the day of year on which the 10th (P10), 25th (P25), 50th (P50), 75th 
(P75) and 90th (P90) percentiles of the annual total rainfall were achieved. We assessed the 
dispersion in the seasonal distribution of rainfall by calculating the interquartile 
 and interdecile range . The seasonality index (SI): 
 
 Eq. 3 
where R is the total annual rainfall and  is the total monthly rainfall in month n, is a standard 
measure of rainfall seasonality68. SI theoretically ranges from 0, if all the months have equal 
rainfall to 1.83, if all the rainfall falls in one month. SI values of 1 to 1.19 indicate that the 
majority of rainfall occurs in 3 months or less with SI > 1.2 indicating the majority of rainfall 
falls in 2 months or less.  
We investigated the timing of heavy rainfall events by calculating the fortnightly totals of 
rainfall for the entire Kangerlussuaq precipitation record. To normalise the influence of 
exceptional events between years, we divided fortnightly precipitations sums by their respective 
annual total (Fig. 5a). Heavy rainfall events, identified as dark red blocks on Figure 5a, tend to 
occur more frequently in late summer and early autumn, coinciding with the period of highest 
rainfall15, peak longwave radiation, densest cloud cover17 and peak cyclonic activity25 in this 
region. 
7. HIRHAM5 Methods 
We examined changes in rainfall across the K-transect18 over the last two decades using the 
HIRHAM5 regional climate model (RCM)69. The HIRHAM5 RCM is driven at the lateral 
IQR = P75!P25( ) IDR = P90!P10( )
SI = 1R Xn !
R
12n=1
12
"
X
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boundaries by the ERA-Interim reanalysis70 and provides estimates of solid and liquid 
precipitation at 5 km horizontal resolution. The simulations are validated against observations 
from meteorological stations on the land59 and AWS on the ice sheet57,71. Generally, the 
temperature and precipitation biases are small, indicating a realistic simulation of the climate 
over Greenland72. We averaged the rain fraction estimated by the HIRHAM5 RCM over two 
periods (1990 – 1999 and 2000 – 2009) at each grid cell along the K-transect at a weekly time 
step (Fig. 5c). 
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Fig. 1. (a) Map of the lower ablation area of the Kangerlussuaq sector. The background 
MODIS image was acquired on 17 August 2011. Acceleration during the late-August event (23 
August – 3 September 2011) relative to the preceding period (1 – 23 Aug 2011) was derived 
from TanDEM-X velocity maps. The GPS symbol colours represent the percentage acceleration 
during the event (Table S1). The velocity vector shows the mean velocity during the late-August 
acceleration. The red box on the inset map shows the location in Greenland. (b) Russell Glacier’s 
elevation profile with the ELA and snowline marked.  
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Fig. 2. Records of meteorology, proglacial discharge, and ice velocity for the 2011 melt 
season. (a) air temperature at M61 with a 1- and 24-hour average applied, (b) daily total melt at 
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M61 and precipitation at M0, (c) precipitation in Kangerlussuaq and proglacial Leverett River 
discharge13, (d,e) daily-averaged velocity at 11 GPS sites on land-terminating Russell (R) 
Glacier and Isunngata Sermia (I) and marine-terminating Store Glacier30, (S) and Sermeq 
Avannarleq6 (A), expressed as speed above the annual mean. Note the different y-axis scaling for 
S11 and R140. The timing of the late-August acceleration is shaded in grey.  
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Fig. 3. The surface energy budget, melt, borehole water pressure and ice surface velocity 
and uplift at R13 (a) the surface energy budget at M13 at a daily time step. The components: 
net shortwave (SWnet) and net longwave (LWnet) radiation, the sensible (SHF) and latent (LHF) 
heat fluxes and the ground flux (GF) are defined as positive when they add heat to the surface. 
(b) Borehole water pressure, velocity, uplift and (c) melt at the R13 site. The timing of the late-
August acceleration is shaded in grey.   
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Fig. 4. Reanalysis data27 for the August/September 2011 event including sea level pressure 
for 27 August 2011, the near surface air temperature (TAS) anomaly for the period 26 August to 
1 September versus the same period in the 1981-2010 baseline, and total precipitation for the 
week 26-30 August. The red arrow indicates the direction of warm air advection.  
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Fig. 5. Long term trends in rainfall seasonality and elevation. (a) fortnightly total rainfall in 
Kangerlussuaq normalised by the annual total between 1980 and 2012. Arrows indicate the 2011 
event and three events evident in recent studies14,33,34, (b) the decadal mean day of year on which 
the percentiles in total annual rainfall in Kangerlussuaq were achieved, and (c) HIRHAM5 
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regional climate model simulations of the rain fraction across the K-transect at a weekly time 
step. Heavy rainfall events appear on (a) as dark red blocks. The interquartile (IQR) and 
interdecile (IDR) ranges with units of days are annotated on (b).  
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Supplementary figures 
 
Introduction 
The supplementary information is structured into two sections. Section S1 identifies and 
describes three previous rainfall/melt-driven acceleration events on the Greenland ice sheet 
(GrIS) evident in recent studies. Section S2 investigates long-term trends in rainfall seasonality 
using the Kangerlussuaq precipitation record and HIRHAM5 regional climate model simulations 
of the rainfall fraction over the K-transect between 1990 and 2009, before discussing the findings 
in the wider context provided by recent studies. Supplementary figures follow the reference list, 
which only includes references that were not cited in the main manuscript. Four supplementary 
animations are provided as separate files. 
8. Previous rainfall/melt-driven acceleration events and their frequency 
In this section we describe three pronounced acceleration events evident in previous studies14,33,34 
that can, with hindsight, now be reinterpreted as being driven by cyclonic-induced rainfall and 
melt. These acceleration events in August 1995, August-September 1997 and August 2006 are 
indicated on Fig. 5a. It is evident from Fig. 5a that similar events occurred in other years, with 
the heaviest rainfall events typically occurring in the months of August and September.  
8.1. August 1995 event  
Asides from the Baffin Bay cyclone responsible for the August-September 2011 event, other 
synoptic patterns that bring precipitation to widespread areas of south Greenland include the 
Labrador Sea cyclone and the Southern Tip cyclone29. In 1995 a cyclone tracked over the 
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southern tip of Greenland, advecting warm air, bringing heavy precipitation (Figs. S4 and S10), 
and driving a widespread acceleration on the Kangerlussuaq sector of the GrIS (see Figure 3 of 
Ref. 33), which was captured using interferometric synthetic aperture radar (InSAR) on 
European Remote Sensing (ERS) satellite images33. Although Ref. 33 capture and describe the 
widespread acceleration of up to 360% extending up to 100 km inland they make no mention that 
it was driven by widespread melt and rainfall under cyclonic weather conditions. Between 3 
August and 14 August 1995, 49.8 mm of rain was recorded at DMI station 04231 in 
Kangerlussuaq, with 10.9 mm on the 11 August59. The widespread nature of the precipitation and 
near surface air temperature anomaly (Fig. S4) suggests the acceleration in ice flow, which was 
ubiquitous across the Kangerlussuaq sector, occurred over a broad region of the GrIS.  
8.2. August/September 1997 event  
It is evident from Figure 3 of Ref. 14 that a pronounced, transient uplift and acceleration event 
occurred at Swiss Camp in late August and early September 1997. Swiss Camp is located 46 km 
from the terminus of Sermeq Avannarleq in West Greenland (Fig. 1a), ~ 280 km north of Russell 
Glacier. During this event, surface uplift attained ~ 45 cm above preceding levels and the 
ensuing acceleration extended enhanced summer velocities into September, a time when in all 
other years velocities had begun to decline. Further analysis reveals that a Baffin Bay cyclone 
advected warm air and rainfall over this area of the ice sheet at this time (Figs. S5 and S11). 
Between 31 August and 6 September, reanalysis data reveal that 20-39 mm of rain occurred over 
the western margin of the GrIS, with pockets of heavier rain of 40-59 mm over Upernivik and 
80-99 mm over southwest Greenland (Fig. S5). Over the same period 10.6 mm of rain was 
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recorded in Kangerlussuaq59, and although more rain may have fallen in Swiss Camp it is likely 
that surface ice melt was the largest contributor to surface runoff during this event. The surface 
uplift and acceleration event at Swiss Camp in late-August to early-September 1997 occurred 
during days with a low positive-degree day (PDD) sum (Fig. 3c of Ref. 14) inferring that air 
temperatures were not particularly high and suggesting that the turbulent heat fluxes and 
longwave cloud effect were more important for melt production than shortwave solar radiation, 
as occurred in late August 2011. 
8.3. August 2006 event  
Another similar rainfall/melt-induced acceleration event on the Kangerlussuaq sector is evident 
in Figure 3b and c of Ref. 34. As occurred in 2011, the week-long acceleration event in August 
2006 resulted in the highest velocities during the whole year at K-transect site SHR (herein 
named R13; Fig. S7 of the Supplementary Information and Fig. 3b of Ref. 34). The synoptic 
weather was also comparable to the August-September 2011 event: a Baffin Bay cyclone 
advected warm, moist air across south Greenland (Figs. S6 and S12). It is pertinent to note that, 
it was the high melt rate during this event combined with rainfall that drove the acceleration at 
sites R13 and R38 in August 2006 – and the high melt rate is not portrayed in Figure S7, which 
shows air temperature, precipitation and velocity. Consistent with reanalysis data (Fig. S6), 10.4 
mm of rain fell in Kangerlussuaq between 16 to 22 August 2006, with the heaviest rainfall (7 
mm) on 20 August 2006. To our knowledge, melt data are unavailable for this period and simple 
temperature index models (e.g. Ref. 73), which neglect the turbulent heat fluxes, would not be 
able to accurately reconstruct the melt rate. We also note that the lack of high velocities during a 
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second period of rainfall from 22 to 23 August 2006 can be explained by low accompanying melt 
rates and the presence of efficient subglacial drainage developed during the previous event12,21. 
These three events in 1995, 1997 and 2006 demonstrate that the widespread melt, rainfall and 
acceleration event resulting from cyclonic weather conditions we observed in late August 2011 
was not a one-off. We note that the four acceleration events we have identified are unlikely to be 
the only events, and that previous heavy rainfall events evident on Fig. 5a are likely to have 
produced similar widespread accelerations in ice flow on the GrIS. 
9.  Long-term trends in rainfall seasonality and future predictions 
We found an increasing trend in the annual total precipitation, rainfall and snowfall in 
Kangerlussuaq superimposed on large inter-annual variability (Fig. S8). The linear trend in 
annual precipitation (r = 0.27; p = 0.10) and rainfall (r = 0.29; p = 0.08) are significant at the 
90% confidence level. The slight decrease in rainfall from 1990-99 to 2000-09 of 2 mm per year, 
which is imprinted on a steady linear increase with large inter-annual variability, can be 
explained by a switch from a positive mean summertime (June-August; JJA) North Atlantic 
Oscillation (NAO) index between 1990-99 to a negative mean JJA NAO between 2000-0974. A 
negative JJA NAO favours high-pressure and a reduction in the advection of cyclonic weather 
systems over Greenland, leading to a decrease in overall precipitation during summer. As the 
majority of rainfall in Greenland occurs during summer this reconciles the seemingly 
contradictory observations of a reduction in the annual total rainfall from 1990-1999 to 2000-
2009 and a contemporaneous increase in the rainfall fraction during summer (Fig. 5c). The 
rainfall seasonality index shows a decline (r = −0.21; p = 0.21) from 1.32 in 1980-89 to 1.30 in 
1990-99 to 1.22 in 2000-09, indicating that the seasonal distribution of rainfall has become more 
This is the author’s post-print. The final version was first published by Nature Geoscience on 13 July 
2015, doi: 10.1038/NGEO2482 
 
Doyle et al. (2015)           doi: 10.1038/NGEO2482 41 
dispersed (Fig. S8d). The number of days of rain (> 1 mm) per year also shows an increasing 
trend (r = 0.27, p = 0.10) of approximately 3 days per decade (Fig. S8e). The greatest number of 
rain days occurred in the record warm year of 201275 (which exhibited an intensely negative JJA 
NAO74) with 53 days of > 1 mm of rain, which is 2.4 standard deviations above the mean and 
0.93 standard deviations above the next highest year (Fig. S8e). Examining the percentile day of 
year statistics (Fig. 5b) provides insight into the detail of the dispersion: rainfall has become 
earlier and later in the season between 1980 and 2012, with the IDR increasing by an average of 
8 days per decade. The pace of the 10th percentile day of year becoming earlier (3.4 days per 
decade) was surpassed by the rate of the 90th percentile day of year becoming later (4.9 days per 
decade) and the dispersion is therefore asymmetric with rain falling disproportionally later in the 
season. These results are consistent with the HIRHAM5 RCM simulation that indicate an overall 
increase in the rain fraction across the K-transect from 1990-99 to 2000-09, which is particularly 
large in August and September (Fig. 5c). These results are further supported by results from a 
three-model ensemble that predicts the greatest increase in Greenland precipitation during the 
next century will occur in autumn4. The HIRHAM5 RCM results also reveal an increase in the 
rainfall fraction at high elevations (above 1400 m asl) between these two decades (Fig. 5c) where 
annually-averaged ice flow increased year-on-year between 2009 and 201241. These findings are 
further supported by previous climate modelling studies that indicate that the rainfall fraction 
increased across Greenland between 2000 and 201146 and was higher during the anomalously 
warm year of 2007 (8.5%) compared to the 1990-2008 mean (6.2%)76. Under anticipated warmer 
air temperatures the rainfall fraction is expected to continue to increase over the next century, 
which would result in a lowering of surface albedo and enhanced surface ice melt45,46.  
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Recent studies suggest that under climate warming, precipitation over Greenland will 
change in three ways: (i) changes in the frequency of synoptic patterns, (ii) changes in the 
precipitation that occurs when a certain synoptic pattern occurs, and (iii) changes in the phase of 
precipitation i.e. the ratio of rainfall to snowfall known as the rainfall fraction. These are 
expanded below: 
i. Ref. 4 found that 83% of the predicted increase in precipitation from 35.8 to 45.0 cm 
yr−1 over Greenland by the end of the 21st century can be attributed to a rise in 
precipitable water in the atmosphere as a result of higher air and ocean temperatures and 
reduced sea ice cover.  Climate warming is expected to enhance ocean evaporation and 
the moisture carrying capacity of the air, resulting in an increase in precipitable water 
and therefore higher precipitation over the ice sheet44. 
ii. The frequency of Baffin Bay cyclones is predicted to increase from 3% of days in 1961-
99 to 4% of days in 2081-21004. The frequency of several other cyclonic weather 
systems over Greenland is also expected to increase with a northward shift in North 
Atlantic storm tracks4. The observed and predicted future increase in cyclonic weather 
systems over the GrIS, and the Arctic in general, is a theme common to many previous 
studies4,5,77-80. 
iii. The rainfall fraction is expected to increase under a warmer climate as warmer air 
temperatures cause more precipitation to fall as rain45,46,76. 
The observed and predicted changes in precipitation are not homogenous across Greenland. 
Annual snowfall is expected to increase in the interior of the ice sheet, while a substantial 
proportion of snowfall in south Greenland is expected to turn to heavy rainfall45,46. 
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Table S1. Position, elevation, ice thickness and velocity statistics for the GPS sites on Russell 
Glacier, Isunngata Sermia, Sermeq Avannarleq and Store Glacier. The mean velocity during the 
event is compared to the mean velocity during the preceding week. Due to the variable timing of 
the event between glaciers and with distance from the ice margin the event period is defined for 
each site as the period of enhanced velocities. 
 
Ice 
thickness 
(m) 
Mean 
annual 
velocity 
(m yr−1) 
Preceding 
velocity 
(m yr−1) 
Event 
velocity 
(m yr−1) 
Percentage 
increase 
(%) 
Russell Glacier GPS sites: 
R2 (383 m asl) 
N67° 06’ W050° 12’ 158 100 81 176 117 
R13 (732 m asl) 
N67° 06’ W049° 56’ 610 113 95 228 140 
R38 (1010 m asl) 
N67° 05’ W049° 24’ 883 73 68 116 71 
R52 (1110 m asl) 
N67° 00’ W049° 09’ 923 96 88 144 64 
R88 (1520 m asl) 
N67° 03’ W048° 15’ 1223 101 83 121 46 
Isunngata Sermia GPS sites: 
I14 (635 m asl) 
N67° 11 W050° 02’ 
491 130 137 162 18 
I27 (894 m asl) 
N67° 12’ W049° 43’ 
521 100 99 133 34 
I46 (1156 m asl) 
N67° 12’ W049° 17’ 
830 115 99 147 49 
Sermeq Avannarleq GPS site: 
A20 (706 m asl) 
N69° 27’ W049° 53’ 
602 100 73 142 95 
Store Glacier GPS site: 
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S11 (468 m asl)  
N70° 27’ W050° 22’ 
No data 1953 1820 1985 9 
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Table S2. Position and elevation of the meteorological stations on Russell Glacier. 
Meteorological stations (M) are labelled with the distance from the terminus of Russell Glacier. 
Site Position Elevation  
(m asl) 
M0 
 
N67° 08’ W050° 11’ 345 
M13/R13 N67° 06’ W049° 56’ 732 
M61 N67° 04’ W048° 49’ 1280 
M140/R140 N67° 00’ W047° 01’ 1840 
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Fig. S1. TanDEM-X velocities during (top) the preceding period (1 to 23 August 2011) and 
(bottom) the late-August acceleration (23 August to 3 September 2011). The lower-left inset 
shows the good agreement between TanDEM-X (TDX) and GPS velocities for sites R2 and R13 
during both periods.  
R2 R13
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Fig. S2. (a) Hourly estimates of the cloud fraction at M13 (red dots) and the 24-hour running 
mean cloud fraction, (b) 2-m wind speed at M13 with a 1 and 24-hour running mean, (c) 
elevation of the 0° C degree isotherm across Russell Glacier catchment in August and September 
2011. Cloud cover was approximated making use of the strong dependence of downwards 
longwave radiation on atmospheric moisture58. The elevations of AWS stations M13, M61 and 
M140 are plotted on (c) as horizontal dashed lines for reference. The red line is the hourly 
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freezing level and the black line is the 24-h running mean. The timing of the late-August 
acceleration is shaded in grey. To allow comparison, the x-axis is the same as that of Figure 3.   
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Fig. S3. Velocity difference map for Jakobshavn Isbræ derived from velocity maps created from 
image pairs acquired on the 2 to 13 August 2011 (inset left) and the 23 August to 3 September 
2011 (inset right).  The velocity difference is shown by the colour scale and annotated contours; 
the latter has units of m a−1.  
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Fig. S4. Reanalysis data27 for the 1995 event reported in Ref. 33 including sea level pressure for 
8 August 1995, the near surface air temperature (TAS) anomaly for the 8-14 August versus the 
same period in the 1981-2010 baseline, and the total precipitation over the same period. The red 
arrow shows the direction of warm air advection.  
Sea level pressure [hPa] 8 August 1995
TAS anomaly Precipitation
8-14 August 1995 8-14 August 1995
6
[°C]
5
4
3
2
1
0
–1
100-119
80-99
60-79
40-59
20-39
0-19
[mm]
120-139
x L 897
x 
x H 1023
x H 1025
995
1011
101
1
10
07
10
11
10
19
1007
1003
999
1003
1007
1015
101
5
10
19
10
23
10
15
10
15 10
19
999
0
20
40
80
60
76
84
68
60
52
44
R140
A20
S11
R140
A20
S11
R140
A20
S11
This is the author’s post-print. The final version was first published by Nature Geoscience on 13 July 
2015, doi: 10.1038/NGEO2482 
 
Doyle et al. (2015)           doi: 10.1038/NGEO2482 52 
 
 
Fig. S5. Reanalysis data27 for the 1997 event reported in Ref. 14 from Swiss Camp including the 
sea level pressure for 1 September 1997, the near surface air temperature (TAS) anomaly for the 
period 31 August to 6 September 1997 versus the same period in the 1981-2010 baseline, and 
total precipitation over the same period. The red arrow indicates the direction of warm air 
advection.  
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Fig. S6. Reanalysis data27 for the 2006 event reported in Ref. 34 from the K-transect including 
the sea level pressure for 16 August 2006, the near surface air temperature (TAS) anomaly for 
the period 16-22 August versus the same period in the 1981-2010 baseline, and total 
precipitation over the same period. The red arrow indicates the direction of warm air advection.
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Fig. S7. Precipitation and air temperature in Kangerlussuaq and velocity at GPS sites R13 and 
R38 during an acceleration event in August 2006. This plot corresponds to Fig. 3d of Ref. 34. 
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Fig. S8. Trends in the amount, type, seasonal distribution and frequency of precipitation in 
Kangerlussuaq between 1977 and 2012 including: total annual (a) precipitation,  (b) snowfall 
and (c) rainfall; and (d) the rainfall seasonality index, which varies from 0 if all the months have 
equal rainfall to 1.83 if all the rain falls in one month, and (e) the number of days with more than 
1 mm of rain per year. Coloured circles show the decadal means and the red line shows the linear 
trend. 
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